that issue, we recorded ACh-induced nicotinic currents ACh in the proximal dendrites roughly perpendicular to the arbor produced small currents in CA1 pyramidal from CA1 pyramidal neurons. Muscarinic receptors were inhibited with atropine in all of the experiments. First, neurons (ACh 1; Figure 1B ). In a third of the trials, the nAChR currents were easily measured as larger than 5 we verified that local, rapid pressure applications via a puffer pipette did not produce artifacts. Two identical pA, with an average current of 11.9 Ϯ 2.9 pA, n ϭ 12 out of 35. Puffs of ACh in the distal dendrites roughly puffer pipettes were placed next to each other near the distal dendrites. One puffer pipette contained 1 mM parallel to the arbor produced larger currents (ACh 2; Figure 1B ). In 90% of the trials, the currents were larger ACh and the other contained bath solution as a control. Alternate puffer applications were applied, and under than 5 pA, with an average of 25.5 Ϯ 1.2 pA, n ϭ 134 out of 149. In 9 out of 11 trials, the nicotinic currents our conditions, the ACh puffer activated a current and the control puffer did not ( Figure 1A) .
were inhibited by methyllycaconitine (MLA), a specific inhibitor of ␣7* nAChRs ( Figure 1C ). However, other To activate nAChR currents, we used two different positions of the ACh puffer pipette ( Figure 1B) . Puffs of nAChR subtypes were present more rarely or as a minor-ity component, and those currents were blocked by the same paradigm that produced STP previously ( Figures  2A and 2B ), produced LTP ( Figure 2D and 2E). When nonspecific nicotinic inhibitor, mecamylamine ( Figure 1D ). the electrical stimulation was paired with nAChR activity, It was often the case that the ACh-induced currents the test ePSPs were significantly larger than baseline were small because our pressure applications of ACh for as long as the experiments lasted. With this paradigm were only hitting a relatively small area of the pyramidal of electrical and ACh stimulation applied to the ϩ/ϩ neurons. To verify our estimate of ACh-responding CA1 mice, 10 of the 14 cells tested underwent LTP and 4 neurons, we took advantage of heterozygote mutant underwent longer-lasting STP. With the ϩ/T mice, 7 of mice (ϩ/T), having one copy of the ␣7 subunit with a the 9 slices underwent LTP and 2 underwent longerleucine to threonine mutation (L250T) (Orr-Urtreger et lasting STP. It should be noted that it was easier to al., 2000). This mutation causes the ␣7* currents to be find cells from ϩ/T mice that produced ACh-induced larger (Revah et al., 1991; Bertrand et al., 1992) . When currents that were larger than 30 pA. the puffer pipette was in position 1 (ACh 1; Figure 1B) , To verify that postsynaptic nicotinic currents were the more than 90% of the CA1 pyramidal neurons tested cause of the switch from STP to LTP, we conducted the from heterozygote L250T mice displayed nAChR cursame pairing of ACh puffs with electrical stimulation, rents larger than 5 pA, with an average current of 43.7 Ϯ but selected neurons with small postsynaptic nAChR 5.3 pA, n ϭ 30 out of 33. When the puffer pipette was in currents (Ͻ10 pA). When the pyramidal neurons reposition 2 (ACh 2; Figure 1B) , 100% of the CA1 pyramidal sponded with small postsynaptic nAChR currents, pairneurons displayed nAChR currents larger than 5 pA, ing ACh application with the identical electrical stimulawith an average current of 126.7 Ϯ 18.5 pA, n ϭ 18 tion did not significantly change the STP ( Figure 2F ). (Figure 1E ). When measurable, the ACh-induced curUnder these conditions, the test ePSPs were no longer rents were about four times larger in the mutant (ϩ/T) significantly larger than baseline (p Ͼ 0.05) after 18 min. mice than in their wild-type (ϩ/ϩ) littermates. In 7 out of Of the 7 cells tested, 6 underwent STP and 1 under-9 trials with the mutant mice, MLA inhibited the nicotinic went LTP. currents ( Figure 1E ), indicating ␣7* nAChRs carry most, Another issue to consider is that miniature excitatory but not necessarily all, of the nicotinic current from CA1 postsynaptic currents (mEPSCs) occasionally accompyramidal neurons.
panied the application of ACh (Figure 3 ), likely arising from enhanced glutamate release owing to presynaptic STP Boosted to LTP by Nicotinic Receptors nAChR activity. We examined the mEPSCs because the on Pyramidal Neurons
ACh-induced release of glutamate coupled with a postWe next determined whether nAChR activity on CA1 synaptic depolarization can cause synaptic potentiation pyramidal neurons could affect synaptic plasticity. While (Mansvelder and McGehee, 2000) . In TTX to block action recording from a CA1 pyramidal neuron, the Schaffer potentials, 7 of 24 cells from wild-type mice showed an collateral pathway in the stratum radiatum was electriincreased frequency of mEPSCs ( Figures 3A and 3B ). cally stimulated to induce STP reliably, using the followThe ACh puff (1 mM for 1 s) elevated the mEPSC freing protocol: 100 Hz for 1 s paired with a 100 pA depolarquency for about 30 s ( Figure 3C ) but did not alter the izing current applied to the postsynaptic CA1 pyramidal mEPSC amplitude ( Figure 3D ). Ionotropic glutamate reneuron. The test evoked postsynaptic potentials ceptor inhibitors (CNQX and AP-5) blocked the mEPSCs. (ePSPs) that were no longer significantly larger than ACh puffs did not increase the mEPSC frequency when baseline (p Ͼ 0.05) 19 min after the stimulation for ϩ/ϩ Mg 2ϩ replaced Ca 2ϩ in the bath solution (n ϭ 5). These mice ( ACh with a postsynaptic depolarization (100 pA injected In separate experiments, this same Schaffer collateral as before), but the presynaptic electrical stimulation was electrical stimulation was paired with postsynaptic not applied. On average (n ϭ 7), the ACh puff coupled to nAChR currents induced by an ACh-puffer pipette (Figpostsynaptic depolarization was not sufficient to induce ure 2C). To determine exactly when the Schaffer collatany change in the test eEPSC ( Figure 4A ). In 6 of the 7 eral stimulation should be applied, we first voltage cells, the paradigm produced no effect, but in 1 cell LTP clamped the CA1 pyramidal neuron and measured the was produced. A similar paradigm applied in the ventral amplitude and time of the postsynaptic nicotinic current tegmental area by Mansvelder and McGehee (2000) had induced by the ACh puffer ( Figures 2D and 2E, inset) . a higher probability of success. We selected pyramidal neurons with relatively large
The final test was to determine whether the electrical postsynaptic currents (Ͼ30 pA). Knowing the timing, the stimulation with a stronger postsynaptic depolarization, computer was set to apply Schaffer collateral stimulabut without an ACh puff, would produce consistent LTP. tion just prior to the peak of the ACh-induced nicotinic
The same electrical stimulation applied to the Schaffer current, as indicated by the arrow below the insert of collaterals in Figure 2 (100 Hz for 1 s) was paired with Figures 2D and 2E . The pyramidal cell recording was a postsynaptic depolarization that was twice as large. then changed to current clamp, and the induction paraThe current injected postsynaptically was doubled from digm was applied. Regardless of the genotype of the 100 pA to 200 pA, but no ACh was applied. On average, mouse, when the electrical stimulation was paired with the STP lasted longer (significant to 30 min), but LTP was not consistently produced ( Figure 4B ). With this ACh-induced currents that were Ͼ30 pA, exactly the 2A, 2B, and 2F) . Out of the 8 cells included in the analysis, 5 were taken from the ϩ/T mice, and 3 were from the ϩ/ϩ littermate mice. tor synaptic currents. When the ACh-induced GABAergic inhibition of the pyramidal neuron was properly timed to arrive just before and during electrical stimulation of the Schaffer collateral pathway, it strongly decreased the probability of observing synaptic plasticity. An electrical stimulation that normally produced STP had no effect when the electrical stimulation was paired with ACh-induced GABAergic inhibition of the pyramidal neuron. A stronger stimulation paradigm that normally produced LTP was diminished by the ACh-induced GABAergic inhibition so that only STP resulted. Because the inhibition of the pyramidal neuron was timed to arrive before and during the electrical stimulation, the glutamatergic synaptic activity was prevented from causing a sufficient postsynaptic depolarization of the pyramidal neuron, and in that way synaptic potentiation was prevented or suppressed (Staley and Mody, 1992).
Importance of the Location and Timing of nAChR Activity
Nicotinic receptors can be located presynaptically, postsynaptically, and nonsynaptically, for instance, at the soma. This study indicates that nAChRs at presynaptic locations or on excitatory neurons can enhance or cause synaptic change by three different mechanisms. Presynaptic nAChRs can enhance release, and postsynaptic receptors can add to the postsynaptic depolarization and calcium signal. Properly timed, all three of those mechanisms will strengthen the coincidence of presynaptic and postsynaptic activity and boost synaptic potentiation. It is not hard to imagine, however, nAChR activity that is timed to miss synaptic coincidence, helping to create synaptic depression. For example, post- Figure 7B ), we applied ACh prior to each of the three stimulus trains.
Experimental Procedures
To study the effect of nAChR activity on the induction of STP or LTP, we first had to determine the amplitude and timing of the AChHippocampal Slice and Electrophysiology Most of the experiments were performed using young mice (14-24 induced currents measured from the pyramidal neuron of interest. Therefore, we voltage-clamped a pyramidal neuron at Ϫ60 mV and days) born from N6 breeding pairs of the genotype (ϩ/ϩ) and (ϩ/T) for the ␣7 subunit (Orr-Urtreger et al., 2000) . The mice were used evaluated the amplitude and the onset of the ACh-induced nicotinic currents directly from that pyramidal neuron. Then the recording was prior to genotyping. In early experiments, a few wild-type C57BL mice were used. Animals were anesthetized with halothane and switched to current-clamp mode to begin the electrical stimulation paradigm. On the other hand, before studying the GABAergic inhibiwere decapitated. Horizontal slices 300 m thick were cut in icecold cutting solution (in mM): 220 sucrose, 2.5 KCl, 30 NaHCO 3 , 1.25 tion, it was necessary to find a nearby interneuron that was connected to the voltage-clamped CA1 pyramidal neuron. The ampliNaH 2 PO 4 , 10 dextrose, 7 MgCl 2 , and 1 CaCl 2 , bubbled with 95% O 2 and 5% CO 2 . Slices were transferred into a holding chamber, tude, onset, and duration of the hyperpolarizing GABAergic synaptic currents induced by the ACh puff were evaluated. For these experi- 
